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T h i s  report presents the results of utiiizing the Jet Propulsion 

Laboratory 21-inch hypersonic and 20-inch sqersonic wind tunnels as 

Continuous f l o w  multigas f ac i l i t i e so  

contaminating gas. 
2 - d  p h M 2  d .0  - 

at Mach numbers@ 

Carbon dioxide (CO ) wits used as the 2 

Concentrations up t o  70$ by volume of C02 were obtained 

The techniques, special equipment and instrumentation used, 
4 \ \,. ; 0 C L  

and results axe discussed. Th&-resdts-are of particular interest  since 

aerodynamic testing i n  atmosphe;-::; z,?nroxLxmting those of Venus and Mars 

appears t o  be feasible i n  f ac i l i t i e s  originally designed t o  use HIX air as 

the workflg fluid. u 
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For sore time increasing intercst ha: b c n  shown i n  tes t ing spacefraft 

models in gases somewhat different from :&:.re Consequent*, it was desirable 

t o  deternine if the two continuous-flov i::r-xl kmnels a t  the Je t  Prupulsion 

Laboratory (JPL) could be nade t o  per fom as miLti,ps fac i l i t i es .  

A t e s t  program was ini t ia ted i n  the JPL 21-inch hy-personic wind tunnel 

(€Xi!) in w h i c h  carbon diox&de (C02) was used as the contaminating gas. 

CO 

possible i n  the HIJT, i t s  non-toxicity, relative inexpensiveness, and 

availabllitj. 

was selected because of i t s  s tabi l i ty  %n under the running conditions 2 

I n  zd.&ition, it i s  knom that the atmospheres of both Venus 

' and Mars, as c o w e d  with Earth, are ria, ,n C02. If a q C02-rich environ- 
c 

ment could be established i n  t he  JPL wind tunnels, the u t i l i t y  of these 

tunnels could be extended, thus aiding JPL az2 NASA i n  their planetary 

exploration work 

This report will discuss the results of the initial program to establish 

the feas ib i l i ty  of operating the "I! as a mltigas fac i l i t y  andthe  results 

of 8 mbsequent study i n  the 20-inch supersonic wind. tunnel 
4. 
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There were two sepzrake po lde r .  arezr.. %e first consisted of: 

1) the introduction of a known c j w t i t y  of C@ into the tunnel * 
circuit; 2) the accurate masurenEnt of tke CO concentration in the 

2 

supply section of the tunnel; and, 3 )  the procedure for mainthing, 

within acceptable limits, a constant mark concentration of COz i n  the 

t e s t  section. 

The nozzle cantours norrmlly used produce uniform flm distribution 

i n  the t e s t  section when air i s  the worki3g fluid. 

problem was to deteim&+yke%hr or nat- s2ccicl- coatcm-s-vot&l--be- required 

Part two of the 
, I  ._ P 

when a a C02-rich atmosphere was the working f luid,  



Three methods of introducing C02 into the tunnel c i rcu i t  were tr ied.  

During the f i rs t  t e s t  period i n  the HWT an at6empt was made t o  introduce liquid 

CO from a standard liquid-C02 container into the do-mstrcm er.T of the diffuser 

as shown i n  Figure 1. 

control valves thus plugging the sup@y line and resulting i n  interni t tent  

. I  .. . . < 

2 
The C02 tended t o  freeze when expanded through the 

f lar of C02 t o  the diffuser. 

For the second t e s t  period i n  the x[dT it was decided t o  convert liqpid 

CO t o  the gaseous s ta te  before introduction into the diffuser. 

was greatly sinrplifed and very adequate but the necessity t o  generate steam 

fo r  the liquid-to-gas converters was a r-iiiisa~ce~ 

Control 
. .I :/ 2 

e 

Analysis of the control problem vhich prevailed during the first HKC 

t e s t  suggested -i;inai tile Liquid CO should be metered by an orifice placed at  

the J ~ c t i ~ n  of the C02 su@ly l ine wii the diff'usero 

i s  created during the expansion would sublime immediately i n  the diffuser 

2 
Then the dry ice which 

air as shown in Figure 2. Figure 3 shows the arrangement of the C02 supply 

system w h i c h  was developed and used successfully f o r  the subsequent t e s t  i n  

t h e  STJI'. 

the valves are  used only for  shut-offsm or  for  wll reductions i n  mixinurn 

flow to the orifices. 

in this syieu, tt. cozz-sc m t e r ~ g  i s  done hy the orifices while 
i? 

Thus the pressure drop across the valves when there i s  

flow thruugh them i s  so small that no freezing occurs. A W o l d  of orifices 

sZz& as shown i n  Figure 3 was chosen so tha t  a wide variety of C02-air mixtures 

could be generated for  several test-section Mach numbers. 
* &  t'. ,- tc L 

The Szg-h&st, 

nozzles which were obtained from System Spraying Coo produced a fan-shaged 

spray i n  a plane perpendiaihr t o  the air  fLov i n  the diffuser. This resulted 

i n  rapid em?ora,tion and sublimation of the C02 as it entered the difmser ,  



Throughout the p r o w  techniques were selected which took advantage 

of the conditions which nor;;rtU3r exist i n  ~ i a u s  parts of the tunnel circuit. 

For instance, C02 was introduced irk0 the dir”fl1ser where the pressure i s  

well below one atmosphere rather than i n  the supply pipe where the pres,cure 

i s  usually t.rG.2. above one atmosnhereo 

the entire tunnel circuit  before reaching the t e s t  section and therefore 

T h i s  reqAired the C02 t o  t ravel  through 

thorough mixing of the air and CO 

convenient t o  take the sample of gas t o  be analyzed for  C02 content fromthe 

tunnel p ~ p +  section, 

tias accor2lished. In addition, it was 2 

I ‘  & y p y  

Thew +&xm uniforxity of the flow in the t e s t  section was checlrcd 

by uti l iz ing a semi-vertical traverse mechanism with +do pi to t  $robeso 

, 



The method of introduction of gaseous C02 into the XIT!2 is  shown i n  

Figure 1. A large tank t r a i l e r  v i tk  a mximm s t o r q e  capacity of 19,OW 

2 pounds of liquid CO under 250-300 psi& pressure was used t o  su~ply  liquid CO 

t o  two liquid-to-gas converterso 
2 

These converters were s i w l e  heat exchangers 

ut i l iz ing steam f o r  the heat sourceo 

ei ther  the flow meter fo r  establishing low t o  moderate concentrations or througll 

The gaseous C02 was then routed thrnugh 

the 2-inch l ine  f o r  higher concentrations, 
r: 6" I '  

tewerature of the gaseous C02 was monL itored through the t e s t  by a 

The 5-millivolt Brown readout fo r  the t.wo thermocouples shown i n  Figwe 1. 

tenperatwe of the gas w a s  kept at about lb"3' at the measurement points t o  

inhibit  the occurrence of a change of state at  areas of expansion in the 

piping. v&?it- 7 
t h e  S%C sy-htem required no special equipment i n  addition t o  the Wjs t  

nozzles, 

Liquid Carbonic, a Division of General Dynamics, supplied the C%, the 

stem gefiei-aJLoi;, && tile UqG& - L -  b"-@s coiiv-el:+i=s o 

The concentration of COz by volume was continuaUy*determined by using 

a Beckmarn Model l5a infrared aDalyzerp 

read frm a 5-miJlivolt Brown, 

The output of the aaalyzer was 

A schematic drawing of the complete system is  

shown i n  Figure 40 

of the gas sample between 70: and 100"Fo 

A simple heat exchanger vas  used t o  keep the temperature 

The analyzer was equipped with a reference c e l l  which was d l ib ra t ed  

for  a selected range of C@ 3y vola~e i n  air. 

~ ~ ~ ~ ~ - ~ ~ ~ ~ i ~ ~ ~ - ~ C . ~ ~ ~  was c?Jii)i%t?d f * ~  0 t o  155 Cq2 by volune. 

other ranges could bc? E-:,& 3u-k w d ~ g s  r,ot r-adily avaiklble, 3 e H F , a - - w ~ & k  '." 2 y 7, 

The reference cell waxx used 

Cells fo r  



It vas learned that adequate C02 per sntage r e  dings nild be obtained up t o  

30$ by volume using the 155 ce l l  a f te r  experimntally extrapolating the 

calibration curve for  the l5$ cell ,  I n  addition, when operating ki-th 

concentrations above IS$, samples of the gas mixture were collected periodically 
w 

and - care- analyzed using chemistry laboratory techniques mil equipment. 
- -  - - - 

he pi tot  pressure i s  plumbed t o  a 15 psia 
- .-_ -- -. , _- 

/ 
' Statham pressure transducer which supplies a s- signal. that i s  continuously 

. plotted during a traverse by a PIoseley $ X-Y plotter,  The X scale 

f represents inches below the tunnel ceiling; the  Y scale represents pressure 
- 

' units (a Hg abs) ,'More detai ls  ccncerning the gas analyzer w e  included in 
- .  /' \- 

Reference 1. 

The flow unifornity wits checked by semi-vertical pitot-pressure traces. 

The "2 traverse has two p i to t  probes which f;xa straddle the tunnel centerline 

a - d  are 6 inches' apart. 

with the tunnel ceiling. 

mately 15 inches upstream of the center of model rotation and moves i n  a 

plane inclined 15" t o  a p l a n e p e r p e n d i d  t o  the tunnel cen%erline. 

s;,T t x ~ e r s e  s e  te tbfi E,z ~ ~ ~ ~ ~ n + . j  bi& inrn-q~r-t~s n o  

When not in  use, the probes are ret-acted flush 

The tr>rse 'crosses the tunnel centerline approxi- 

The 

I 8 

p i to t  probe. 4 



v. msuL3s 

The bechnique used t o  introduce Sseous CO 

nost satisfactory and will a lso  b8 xed , in  the III.pT. 

is  described i n  thesppendix. 

established a t  nozzle contour settings corresponding t o  Mach numbers (M) 

f o r  air af 1.8, 2.6, 5 5 ,  6.5, and 7.2 , A t  present the miximum Yach d e r  

into the S i n  circui t  was 
l 

6.- 

2 
.,I* i’ 

t i  
A sample operation 

Different levels of C02 concentration were - 

at w h i c h  testing can be done i s  x z . 2  

temperature available from the €EX kcciter. Ai r -CO nixtures require much 

higher temperatures than air alone in  order t o  avoid condensation effects. 

. The limiting factor i s  the rra~irmrn .. ‘rck. 

2 

m e r w n t a l  coIrTparisons aze shown in Table I. In Figure 5 a plot i s  

presented Tl;IiCi* shows the effect on the pitot-pressure distribution of the 
2.6 %..A >- 

onset of liquefaction f o r  the M =‘5 nozzle*- - +Zh The pressure traces 

were obtained from semi-vertical traverses. 
o x  t 

concentrations of GO2 vere investigatedfuil indications were thzt the am- 

Liquefaction effects at other  

> 
of Cog present seemed t o  have only a minor effect on the temperature at  which 

liquefaction effects appeared. 

i s  not r&xhmx and will require more analytic and experimental work. 

It Zz cetcd, hc:~:m=r, thak as the sr-~~ly pressure &3r CO.,-air mixtures w 2 s  

redmed, liquefaction occurred at a lower temperature wMch i s  consistent with 

liquefaction effects for “pure’’ air . 

The explanation of k k  this apparent anomly 
obvious 

#< t .’I .’ 

c 

The m x i m u m  concentraton of C02 which w a s  r u n  was 7@ by volume, ;efus 

was ac’hieved i n  the 14 = 6 nozzle f o r  z supply pressure of 900 cm Eg abs and 

a supply bmera tu re  of 12000~.  

t o  continemdy put 2 t o  3 pounds of C02 per second into the tunnel t o  make 

up f o r  leakage of air into the below-atmosphere part of the RIvT circuit .  

TO maintain this concentration, it vas  necessmzy 
LtOLIS 



The ab i l i t y  t o  accurately measure the concentration of C02 i n  the tunnel 

was demonstrated. A t  concentrations from 0 t o  l5$, the analyzer readout 

. gave readings w h i c h  were accurate t o  2 0.15 CO by volume*. Accuracy 2 

decreased somewhat at higher concentrations, but significant t e s t  results 

could s t i l l  be obtained. . . 
Attempts were a l so  made t o  establish an&old a desired concentration. 

After gaining a l i t t l e  experience, concentrations could be quickly established 

t o  within 005$ and held t o  2 0.2$ of that desired. 

9 
t o  a low pressure a f t e r  bypassing the tunnel f l o w  at the end of a run, This 

purging was accomplished i n  from 2 t o  3 minutes. 

2 

4 CO2 was easily purged from the  tunnel circuit  by evacuating the tunnel ' 
When Liquefaction was avoided, the nozzle EBX contours normally used fo r  

" p c "  air were adequate fo r   air-^^^ mixtarejfor C O ~  concentrations up t o  

7 6  by volume. 
s 

* The instrument was previously calibrated t o  th i s  accuracy by using lam 
nixtures of C02 and air. 



The efzect of CO2-&ir xuctures on aerodynamic ooefficients will be 

studied i n  the SAT nz and ITrJT. 

and w i l l  be discussed i n  a subsequent report. 

Sone of t h i s  work has recently been perforred 

B 
Eetter control of the introduction of C02 into the tunnel c i rcui t  i s  

certainly possible. 
-6 

hold the centration of C% relatively constarnt, 

A s e m  control can be developed w h i c h  would  autonatically 



Total Pressure 
Mach NO.* jcm Hg abs.) 

5 *07 5 15 
6-49 I 200 
6.52 200 
6.56 a0 
6.56 800 
7.13 200 

Table I 

Approximate C02 Total Temp., Below 
Concentration Which Liqtlisfac t ion 
($ by V o l .  i n  a i r )  Effects Appear (OF) 

i " a  i ;' rt,- h ~ ' , ;  .! 1 /  r.JL /;d.,, 
775 1 s u  11.6 

10.0 9-0 3 0 L  

5.4 1200 4 Z C  

10.5 I200 4 ' c c  

14.4 1200 7 i.'o 

15.2 9 p  300 

* Mach number was calculated using standard a i r  tables. .c No attempt was 
made t o  de+,emine the "real" Mach nmber a t  this time. 



Sample Operahian in the STJT 

For the M = 1.8 nozzle contour and a supply pressure of &I cm Eg abs and a.. 

supply temperature of U5'F, the mss flow t h u g h  the tunnel i s  g5 lb/sec. 

To t e s t  i n  a mixture of 20$ C02 and 8Q$ air by volume one does the 

following m e r  start ing the tunnel and reaching the above supsly conditions 

(refer t o  Figure 3) . 
t 

1. Fully open the 3/8-inch &3. valve w h i c h  raises the C02 content 

2. Close the ba l luvdve  and mintBin,,2@ C02 concentration with l/k-inch 

globe valves arnd X@&x 
& < A - ~ ~ 3 t  nozzles; cL3L - 
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